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Abstract 
Graphene is a superior material that exhibits excellent mechanical and electrical properties, as 
well as being useful for chemical functionalities. A few layers of graphene are extremely 
lightweight but highly multifunctional, and as such present an opportunity to add increasing 
performance to engineering design. However, it is difficult to uniformly apply a few layers of 
graphene directly onto materials, while maintaining the intrinsic properties of synthesized 
graphene and a strong interfacial strength between them. To the end of synthesizing useful 
graphene-based composites, chemical vapor deposition (CVD) growth of graphene on thin 
palladium leaves is studied for the potential of nano-gilding based coating of surfaces for added 
functionality. This work presents the study of gas-precursor CVD synthesis of mulit-layer 
graphene (MLG) on commercial palladium leaves at low temperature (800 ˚C). Raman mapping 
methods and nanoindentation for hardness of the composites are presented, as well as a 
discussion of the limitations on these techniques to analyze the present samples.   
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Chapter 1-Introduction 
1.1-Graphene 
As advances in science and engineering continue to drive the development of technology 
towards more compact and integrated systems, a resolute and unyielding need has arisen for 
advanced materials that have a small footprint and can add functionality in more than one 
material dimension. Graphene is a 2D carbon nanomaterial that exhibits excellent mechanical 
and electrical properties, boasting the highest strength of any material discovered thus far[1]. 
Graphene is also electrically conductive, useful for electromagnetic interference (EMI) shielding, 
and is corrosion resistant[2–6]. Graphene offers exciting opportunities to enhance engineering 
designs through its high degree of multifunctionality at very low weight and space footprints.  
Graphene has a myriad landscape of applicability across a wide variety of fields, ranging from 
MEMS/NEMS devices to protective coatings, to strengthening members in a composite, and 
many other areas in-between; some treatments have even been used to make graphene 
semiconducting. This jack-of-many-trades, master-of-most material is a supermaterial that is 
well poised to revolutionize technology and launch a new era of engineering design and 
applications.  
However, no Superman is without his kryptonite. Graphene boasts of many extraordinary 
properties, but they come at the cost of a very key factor for applications-ease of handling. 
Graphene is so thin that it is difficult to handle without special equipment, and as such it is 
difficult to produce in industrial-scale quantities. The processes used for synthesis of high-
quality graphene are sensitive to many environmental factors that are difficult to control for, and 
the synthesis tools and techniques are costly both in man-hours and resources. Thus, the attention 
of much of the synthesis research has turned to clever ways of synthesis that overcome these 
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issues. Many options have been explored, from ambient condition methods to solid/liquid-
precursor CVD, even laser methods and liquid catalysts have been explored[7–9].  
1.2-The structure of Graphene 
Graphene is an infinite alternate polycyclic aromatic hydrocarbon consisting of carbon atoms 
bonded in a 2D hexagonal lattice[10]; each carbon atom is connected to three other carbon atoms 
by sp2 hybridized bonds, each sharing one 𝜋 bond (parallelly shared p-orbital electron) and one 𝜎 
bond (head-on shared sp2 hybridized orbital electron)[11]. Carbon has four valence electrons -
one s orbital with one electron in it, and three p orbitals, each with one electron in them. Thus, 
each carbon atom can form three sp2 hybridized orbitals, leaving one regular p orbital. 
Hybridized bonding is commonly seen in hydrocarbons. Bond strength is related to bond length, 
with carbon-carbon hybridized bonds being stronger at “higher” hybridization (C-C sp is 
stronger than C-C sp2 is stronger than C-C sp3). Therein lies the secret to the strength of 
graphene-all bonds are of uniform strength, so there is no weak-link in the chain, and the bond 
pattern is free to replicate to make as much graphene as there is carbon available. While sp 
hybridized carbon-carbon bonds are stronger, they leave only one valence electron for bonding to 
another atom. 
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Figure 1-Atomic lattice structure of graphene. Dark circles represent carbon atoms 
1.3-Electrical Properties 
Graphene’s particular bonding scheme leaves each carbon atom with a “mobile” electron. As 
was previously mentioned, each carbon-carbon double bond in graphene consists of one 𝜎 bond 
and one 𝜋 bond. The 𝜋 bonds are (or create) a delocalized electron density over the bonded pair 
of carbon atoms, similar (but weaker) to the electron “sea” in metallic bonding, which is also a 
delocalized electron density. These mobile electrons give graphene excellent properties as a 
conductor of electricity, able to sustain electric current densities one million times that of 
copper[2]. Further, it has been shown that graphene can exhibit semiconducting behavior under 
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the right conditions[12]. These properties, in concert with the small size scale of graphene, have 
made it an attractive material for use in many micro/nano-scale electronics applications.  
1.4-Mechanical Properties 
Graphene has exceptional mechanical properties, especially when considered normalized by 
weight. Graphene has the highest [theoretical] strength of any material that has been discovered 
or synthesized to date. The theoretical modulus and strength of graphene are 100 times greater 
than that of steel[13]. As with all real materials, the mechanical properties of graphene degrade 
as a strong function of defects. Graphene exhibits mechanical strength of 130 GPa, with a 
Young’s modulus in the 0.5-1 TPa range[1, 14].  
 1.5-Stacking of graphene layers and transition to graphite 
By the most formal definition, graphene is only a single atomic layer. Graphite and its variants 
(such as highly-ordered pyrolytic graphite [HOPG], which is a highly ordered graphite formed 
by pyrolysis) consist of many stacked layers of graphene. A looser definition of graphene 
includes few-layer graphene (FLG) and multi-layer graphene (MLG), ranging from 1-5 layers for 
FLG and 5-20 layers for MLG. 
For FLG and MLG, the stacking of the graphene layers with respect to one another plays an 
important role in the properties of the bulk material, especially electrical properties.  
Bulk mechanical properties degrade rapidly with increasing layer count, as the layers are not 
held together by the strong sp2 hybridized bonds that contribute to graphene’s excellent 
mechanical properties. The layers are commonly thought to be held together by van Der Waals 
forces, which are significantly weaker than sp2 hybridized bonds, however some researchers 
have proposed models for graphene interlayer bonding that is more similar to metallic 
bonding[15]; these models treat the 𝜋 bonds in graphene as similar to weak metallic bonding, 
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and are able to more accurately account for some of the properties that graphene exhibits that are 
not explained by the van Der Waals bonding model, such as conductivity (electrical and thermal) 
across layers. The stacking of the layers is known to have a strong effect on electrical transport 
and phonon interactions in the bulk material. Two primary stacking schemes exist-ordered AB 
stacking (Bernal) and no order (turbostratic)[16, 17]. Ordered stacking can be divided into two 
further subsets-ABA, also known as 𝛼 or “hexagonal” graphene, and ABCA, also known as 𝛽 or 
“rhombohedral” graphene; hexagonal graphene is, however, more stable (energetically 
favorable) and more common[18–20].  
1.6-Chemical vapor deposition synthesis of graphene 
Graphene, like many other hydrocarbons, exists in “nature” (nature being here defined as not the 
lab) and in its multilayer form, graphite. Mono and few-layer graphene is synthesized in a lab. 
Graphene is commonly synthesized in the form of flakes or sheets, in any of its stacked forms 
(although monolayer and Bernal stacked FLG seem to be the most popular). During the early 
stages of discovery and development, graphene was routinely “synthesized” by removing single 
layers from a graphitic material (such as HOPG). As research and interest in graphene grew, 
synthesis moved towards methods that would allow for direct growth of single or FLG. One of 
the most common methods for synthesizing high-quality graphene is the method of chemical 
vapor deposition (CVD). CVD is a common technique for epitaxial deposition/growth of films 
onto some surface. CVD is a broad term used to refer to a number of [generally] high 
temperature deposition techniques including plasma-enhanced CVD (PECVD) and low-pressure 
CVD (LPCVD), to name a few. In general, CVD processes follow the pattern of operation 1)-
heat CVD chamber to desire temperature at desired pressure, 2)-flow precursor gas over catalyst, 
3)-reaction and deposition/growth occurs. CVD mass production is commonly limited either by 
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the reaction rate at the surface or the mass flow of the precursors. In the former case, sample 
sizes are limited no matter how much precursor is available; in the latter case, as much catalyst 
may be deposited upon as can fit in the chamber, so long as enough precursor is available.  
Solid, liquid, and gas-precursor growth methods have all been developed for CVD synthesis of 
graphene. For solid and liquid precursors, the precursor gas is formed by heating of the 
solid/liquid precursor; often the precursor source is kept in a separate heating zone, as the 
temperature needs of the precursor and catalyst substrate are different[8, 9]. Another form of 
synthesis uses solid precursor and catalyst, but this is not a CVD method; a direct-write method 
using a laser and SiC film has been shown to produce graphene as well[7].  
The compatibility of transition metals with many MEMS/NEMS patterning techniques adds to 
the attractiveness of CVD growth of graphene on thin metal films. Patterned graphene is easily 
grown using CVD, since MEMS techniques for patterning of thin metal films are widely studied 
and used. Metal catalyst patterning with MEMS techniques, in concert with CVD growth of 
graphene, make for a powerful method for device fabrication utilizing graphene, for example for 
flexible and stretchable electronics[21].  
1.7-Gas-precursors for CVD synthesis of graphene 
CVD growth of graphene is a mass-flow-rate-limited process, and as such offers excellent 
scalability, provided the proper conditions can be kept throughout the CVD apparatus. Both 
temperature and pressure are key, and graphene growth is often performed in an LPCVD 
machine; while atmospheric pressure growth of graphene can be done[22], and done well, many 
researchers have found that LPCVD offers consistently higher quality results. CVD growth of 
graphene is commonly performed using a supported transition metal catalyst on single crystal Si 
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or SiO2. While Cu and Ni are some of the most popular metals for CVD growth of graphene, 
many other transition metals have been used.  
Two growth mechanisms exist for growth of graphene layers on metal substrates, and have been 
demonstrated with the two most common metal catalysts for graphene CVD[23]. The first 
mechanism is the self-limiting adsorption of carbon onto the surface which orders into a 
graphene monolayer, yielding very high quality monolayer growth; copper is the classic and best 
example of a metal catalyst for this mechanism, making it the most popular metal catalyst for 
CVD growth of monolayer graphene. The second mechanism is segregation of carbon from the 
bulk of metals with high carbon solubility; nickel is the classic and most common example of a 
metal catalyst for this mechanism. Palladium, like nickel, has high carbon solubility, although 
few studies have probed CVD growth of graphene on palladium. Palladium offers an attractive 
opportunity as a catalyst due to its high carbon solubility. Figure 2, below, shows a comparison 
between the carbon solubility of palladium, platinum, cobalt, and nickel[24].  
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Figure 2-Solubility of carbon in various metals, including palladium, as a function of 
temperature[24]. Reprinted from Hamilton, J. C. & Blakely, J. M. CARBON SEGREGATION co 
TO SINGLE CRYSTAL SURFACES OF Pt, Pd AND Co. Surf. Sci. 91, 199–217 (1980) with 
permission from Elsevier. 
Some researchers have begun to probe the possibilities of CVD graphene growth on Pd. Kar and 
colleagues have published extensive findings regarding the growth of various forms of graphene 
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(monolayer, FLG, Bernal, turbostratic) across a range of growth temperatures and times. The 
results are summarized in Figure 3, below[25]. Pd has also been used to grow graphene that 
exhibits semiconducting behavior[12].  
 
Figure 3-Occurrence of various forms of graphene on palladium as a function of growth time 
and temperature; percent occurrence of monolayer, Bernal, and turbostratic MLG as a function 
of temperature and time are shown in (a) and (c), with occurrence of mixed-multilayer and 
nano/disordered graphene in (b) and (d)[25].Reprinted  with permission from (An, X., Liu, F., 
Jung, Y. J. & Kar, S. Large-Area Synthesis of Graphene on Palladium and Their Raman 
Spectroscopy. J. Phys. Chem. C 116, 16412–16420 (2012)). Copyright 2012 American Chemical 
Society 
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These results from Kar’s work guide future work for CVD growth of graphene on palladium 
using methane by suggesting boundaries for the usable parameter space-for example, Kar’s 
results suggest that the best monolayer growth occurs at 1000 ˚C and at times of under 30 
seconds. Bernal MLG is expected up to 30 seconds at 1000 ˚C, after which turbostratic is the 
main occurrence. 
1.8-Solid/liquid precursor CVD 
Carbon is known to segregate into many transition metals. Straightforward analysis of this 
segregation behavior was carried out by Hamilton and Blakely[24, 26]. In their experiments with 
Pd, they sealed Pd (and other metals) in tubes with graphite and annealed until equilibrium. From 
this data, they gathered information about the precipitation of carbon to the surface from the 
carbon segregated within the metal. Qualitative results are shown in Figure 4[24], below, 
demonstrating the general pattern of behavior for these metals. From these results, it is known 
that graphitic precipitation on transition metals is achievable with just heat and the presence of a 
solid carbon source for carbon dissolution into the metal.  
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Figure 4-Surface precipitation of carbon on metals (qualitative) as a function of 
temperature[24]. Reprinted from Hamilton, J. C. & Blakely, J. M. CARBON SEGREGATION co 
TO SINGLE CRYSTAL SURFACES OF Pt, Pd AND Co. Surf. Sci. 91, 199–217 (1980) with 
permission from Elsevier. 
Towards the growth of graphene using solid and liquid precursors, Li and colleagues have 
performed extensive experiments utilizing CVD procedures at low temperatures with solid 
(polymer) and liquid (hydrocarbon) precursors. Their work covers monolayer PMMA and 
polystyrene, as well as benzene for use as the carbon source[9]. Raman spectra and SEM of the 
graphene they grew using these precursors are presented in Figure 5 B-D, demonstrating high 
quality growth of graphene with temperatures as low as 400 ˚C using PMMA, 500 ˚C with 
polystyrene, and benzene as low as 300 ˚C; these are compared to the standard growth 
temperature of 1000 ˚C for methane gas as the precursor (Figure 5 A). Other researchers have 
grown using benzene, as well[8]. Solid and liquid precursors have a few notable advantages to 
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gas precursors. First, most gas precursors used are compressed hydrocarbons. Storage and use of 
such sources requires specialized equipment, and poses serious concerns for the health and safety 
of those who work with them; these gases are flammable, and under pressure present the threat 
of injury or explosion if mishandled or damaged. Pressurized gases present a known hazard in 
general. Solid and liquid precursors do not pose such health risks, and are relatively easy to 
handle, making them a safer and simpler option for a carbon source. Further, as Li and 
colleagues have demonstrated, such sources allow for growth of graphene films of reasonable 
quality at significantly lower temperatures, with very little rise in the defects (as shown by the 
intensity of the D peak in the Raman spectra). Operating at lower temperatures offers decreased 
safety risks, and significant reduction in cost of energy, which is particularly attractive for large 
scale industrial production. 
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Figure 5-Raman spectra and SEM of graphene grown using (A)-methane at 1000 ˚C (b), 800 ˚C,  
and 600 ˚C (c), (B)- benzene at 500 ˚C (b) and 300 ˚C (c), (C)-polystyrene at 1000 ˚C (b) and 
500 ˚C (c), and (D)-PMMA  at 1000 ˚C (d),  800 ˚C (e), 700 ˚C (f), and 400 ˚C; scale bars are 2 
µm[9]. Adapted with permission from Li, Z. et al. Low-Temperature Growth of Graphene by 
Chemical Vapor Deposition Using Solid and Liquid Carbon Sources. ACS Nano 5, 3385–3390 
(2011). Copyright 2011 American Chemical Society 
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1.9-Grapehene characterization by Raman spectroscopy 
Raman spectroscopy is a powerful spectroscopy technique used primarily to identify the 
chemical composition of a material. Raman spectroscopy utilizes photon and phonon interactions 
in materials via laser excitation, measuring the wavelength change (energy loss) to produce 
characteristic spectra of materials. Raman spectroscopy has become a key technique in the 
analysis of graphene, and is capable of providing information concerning defect density and 
layer count[27]. Raman spectroscopy is a -relatively- fast analysis method that provides rich and 
meaningful information about the quality and bonding of samples. 
 
Figure 6-Schematic of Raman spectroscopic measurement 
1.10-Principles of Raman Spectroscopy 
Raman spectroscopy utilizes inelastic photon scattering within materials. Incident laser (photon) 
excitation at the material surface excites the material to a virtual energy state. Oscillating 
polarization coupled to higher energy vibrational states results in photon emission during 
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relaxation from the excited virtual energy state (manifesting as a change in energy, Δ𝐸). As the 
photon excites the material, there are three possible interaction states-1) Δ𝐸 = 0 (Rayleigh 
scattering), which occurs when the energy of the photon emitted during relaxation is equal to that 
of the incident photon (relaxation to ground state), 2) Δ𝐸 > 0 (Stokes scattering), the most 
common interaction, where the material relaxes to a “real” phonon state, and the energy of the 
relaxed state is higher than ground state, resulting in a lower energy photon emitted than the 
incident photon, 3) Δ𝐸 < 0 (anti-Stokes scattering), which occurs when the incident photon 
couples to an existing phonon in the material, exciting it to an even higher energy state, after 
which it relaxes to the ground state, emitting a photon with greater energy than that of the 
incident photon. The fundamental equations involved are shown in Equations 1-3[28] (below)  
𝐸 =
ℎ𝑐
𝜆
 
1. 
𝑣௠ =
√𝐾
2𝜋√𝜇
 
2. 
𝜇
𝑑ଶ𝑞
𝑑𝑡ଶ
= −𝐾𝑞 → 𝑞 = 𝑞଴ 𝑐𝑜𝑠(2𝜋𝑣௠𝑡) 
3. 
Equation 1 describes the relationship between energy (𝐸) and wavelength (𝜆) for the incident 
laser. Equation 3 describes the relationship between bond properties and the excitation, which 
gives rise to the characteristic spectra, where 𝜇 is the reduced mass of the molecules in the 
material, 𝐾 is a measure of bond strength, 𝑞 is the displacement of the molecules during 
oscillation caused by excitation, 𝑣௠ is the molecular vibration (given by Equation 2), and 𝑡 is 
time. Since the oscillation is related to the energy through simple mass-spring models of the 
molecules and bonds, the molecular frequency of oscillation, measured by the change in energy 
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of the beam probing the sample, can directly give information about the bonds. A characteristic 
spectrum for monolayer graphene is shown in Figure 7[16], below. 
 
Figure 7-Typical Raman spectra observed in graphene (monolayer) and graphite[16]. Adapted 
from [16]. Copyrighted by the American Physical Society 
The prominent features of the characteristic graphene spectrum are the peak at ~1580 cm-1, 
called the G peak, and the peak at ~2600 cm-1, called the G’ or 2D peak. Characteristic peaks at 
~1350 cm-1 indicate defects in the graphene[16, 29]. The G’ or 2D peak is not a measure of 
defects. The 2D naming convention can often be confusing in this regard, since the D peak is a 
measure of defects (‘D’ for ‘D’efects), but the 2D is not. For this reason, this characteristic peak 
will henceforth be referenced as the G’ peak.  
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For graphene that is more than one layer in thickness, the potential phonon paths “branch”[16, 
29]. This leads to characteristic broadening and shifting of the G’ peak, which can be used to 
very quickly qualitatively analyze the layer count in a sample[16, 29]. It has also been shown 
that Lorentzian fitting of the peak can reveal accurate quantitative layer counts[30], as shown in 
Figure 8[29], below.  
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Figure 8-Broadening of G’ peak characteristic of multi-layer Bernal stacked graphene[29]. 
Reprinted from Malard, L. M., Pimenta, M. A., Dresselhaus, G. & Dresselhaus, M. S. Raman 
spectroscopy in graphene. Phys. Rep. 473, 51–87 (2009) with permission from Elsevier. 
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Further, layer information can also be found in the shift and intensity of the G peak, as shown in 
Figure 9-Figure 11[31, 32]. 
 
Figure 9-Increase in G peak intensity with increased layer count[31] 
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Figure 10-Shift in G peak location as a function of layer count. Shift can be predicted for Bernal 
stacked graphene by the given equation[31, 33] 
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Figure 11-Raman spectra taken for various layer counts of graphene[34] 
This analysis is, however, only possible for MLG that is Bernal stacked. For turbostratic MLG, 
since there is no strong order to the layers, they scatter more like monolayer graphene. 
Turbostratic MLG has a characteristic Raman spectrum that is very similar to that of monolayer 
graphene, but often with a strong D peak (some highly decoupled turbostratic MLG does not 
exhibit such a D band) [16, 17, 29], as shown in Figure 12, below.  
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Figure 12-Typical Raman spectra taken from turbostratic graphene. G and G’ peak behavior are 
similar to that of monolayer (with swapped ratio), but a D peak is clearly present 
 
1.11-Mechanical characterization of materials by nanoindentation 
Mechanical indentation testing is a standard for hardness and scratch-resistance testing. Many 
indentation techniques exist for reporting the surface mechanical behavior of materials. Bulk 
hardness testing, such as Rockwell, Mohs, and Vickers hardness are common measurements for 
reporting the surface resistance to plastic deformation of materials. Micro and nano-scale 
indentation techniques were developed for fine measurement of load and displacement under 
indentation at the μN and nm scales. For thin films, nanoindentation is necessary over bulk 
indentation due to substrate and tip effects. Hardness values are only consistent at depths greater 
than 1/3 the tip radius. This general rule of thumb, in concert with substrate effects, requires 
sharp tips for accurate hardness measurements of thin films. Therefore, with a tip radius of 200 
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nm, indentation needs to be greater than ~70 nm for accurate measurements. However, with 
films that are on the order of 100 nm in thickness, this poses substrate effect issues.  
1.12-Principles of Nanoindentation 
Nanoindentation is a simple procedure, in principal, and is often not complicated in practice. 
Tips for indentation are mounted on piezoelectric transducers which record the displacement and 
load that the tip travels and encounters. Raw data comes in the form of load and indentation 
depth, but many instruments come with software that uses standard models for calculating 
mechanical properties, such as the reduced modulus (𝐸௥) and hardness (H). A schematic of the 
operation and standard output for nanoindentation are shown in Figure 13, below.  
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Figure 13-Schematic and characteristic raw data given by nanoindenatation testing 
Quasi-static partial unloading (the method used to generate the data in Figure 13 above) is a 
common load function used to measure hardness. The unloading slopes are used to calculate the 
contact area, using a tip area function that is calibrated to a sample of known properties. For an 
ideal Berkovich tip, the contact area as a function of depth is simple, and given by Equation 4, 
below[35]. 
𝐴 = 24.5ℎ௖ଶ 4. 
Where ℎ௖ is the contact depth. 
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Tips wear with age, and so a modified function is needed to accurately calculate material 
properties from the raw data. Fitting up to 6 parameters is common. A simple, 2 parameter 
function is given in Equation 5, below.  
𝐴 = 𝐶଴ℎ௖ଶ + 𝐶ଵℎ௖ 5. 
More terms can be added as needed, continuing to halve the exponent of the ℎ௖ term.  
Fitting is normally performed to calibrate to a sample of known hardness and reduced modulus, 
whose values are given by Equations 6 and 7, below[36]. 
𝐸௥ =
𝑆
2𝛽
ට
𝜋
𝐴
=
1
2𝛽
ට
𝜋
𝐴
𝑑𝑃
𝑑ℎ௖
   
6. 
𝐻 =
𝑃
𝐴
=
4𝛽ଶ𝑃
𝜋𝑆ଶ
𝐸௥ଶ 
7. 
Where 𝑆 is the slope of the unloading curve (𝑑𝑃/𝑑ℎ௖), 𝑃 is the applied load, 𝐴 the contact area, 
and 𝛽 a constant that represents tip geometry.   
1.13-State of the art/potential applications 
Sarto and colleagues have developed flexible composite sheets based on MLG suspensions that 
exhibit EM shielding up to 55 dB at 18 GHz, with electrical conductivity of ~1400 S/cm[4]. 
Further, Shanov and colleagues have developed a CVD method for production of graphene 
“pellets” which can in turn be used to make graphene papers exhibiting electrical conductivity of 
~1100 S/cm with EMI shielding effectiveness of 60 dB[3]. Shanov’s process and the resulting 
mechanical behavior of their graphene papers is shown in Figure 14, below[3].  
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Figure 14-Schematic process of graphene paper synthesis, as well as stress-strain behavior of 
the graphene papers produced by Shanov and colleagues for EMI shielding[3]. Reprinted from 
Zhang, L. et al. Preparation and characterization of graphene paper for electromagnetic 
interference shielding. Carbon N. Y. 82, 353–359 (2014) with permission from Elsevier.  
Further, Shanov’s work chronicles how methane (CH4) concentration during the CVD process 
affects the shielding effectiveness of the graphene papers produced, as shown in Figure 15, 
below[3].  
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Figure 15-Effect of methane concentration on pecific EMI shielding effectiveness of graphene[3]. 
Adapted from Zhang, L. et al. Preparation and characterization of graphene paper for 
electromagnetic interference shielding. Carbon N. Y. 82, 353–359 (2014) with permission from 
Elsevier. 
Chung’s research on the EMI properties of carbon nanomaterials has shown a shielding 
effectiveness for graphite of up to 130 dB at 1 GHz[37–39]. These flexible graphite composites 
also exhibit chemical and thermal resistance[37]. Further, Li and colleagues have developed a 
polystyrene-graphene composite material that exhibits the highest specific shielding of any 
polymer-based composite at low thickness (64.4 dB cm3/g at 2.55 mm)[40]. The 
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multifunctionality of such materials makes them exciting candidates for use in new shielding 
applications with flexible electronics.  
Graphene is a stable material that exhibits excellent chemical resistance. Because of this, it has 
been researched as a protective coating impeding corrosion. Recent work by Pavan and Ramanan 
has shown the potential of graphene-based coatings to improve corrosion resistance on mild 
steels up to 99.5% in a variety of environments[41]. Their work utilizes graphene coating from a 
suspension; the graphene used in their studies was produced from reduction of graphene oxide by 
the Hummers method and a modified Hummers method. Their results are summarized in Table 1 
and Table 2, below[41].  
Table 1-Corrosion rate for various coating thicknesses on mild steel for graphene solution 
prepared by a modified Hummers method[41] 
 
# of Coats Corrosion Rate [mils/yr]
0 282
1 39
2 6.5
3 3.5
4 2.8
5 0.107
6 0.101
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Table 2-Corrosion rate decrease for graphene coated mild steel in various environments G2 
samples produced by Hummers method and G1 by a modified Hummers method[41] 
 
Further, Lin Gu and colleagues have developed a graphene-epoxy composite coating that 
exhibits exciting corrosion resistance, reducing the corrosion rate on steel by an order of 
magnitude[42]. Their procedure involves a solution made from waterborne epoxy and a 
commercial graphene slurry (refined before use in the epoxy) coated in 50 µm layers on Q235 
steel; various concentrations of graphene were tested. Their results are summarized in Figure 
16[43], below, showing the open-circuit potential of the sample over time in NaCl (3.5 wt%); 
notably, the open-circuit potential for the graphene-epoxy coated samples is much more stable 
over time, compared to that of the neat steel and epoxy coating, with stability increasing at 
higher concentrations of graphene. 
Environment
Uncoated G1 G2 G1 G2
Water (ph=6) 282 3.5 22.5 98.8 92.0
HCl (0.1 N) 523 68.5 164 86.9 68.6
NaCl (3.5 wt%) 667 3 60 99.6 91.0
NaOH (1 M) 885 7 10 99.2 98.9
Decrease [%]Corrosion Rate [mils/yr]
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Figure 16-Open circuit potential over time for steel samples coated with epoxy (a), 0.5% 
graphene epoxy composite (b) and 1% graphene epoxy composite (c)[43]. Reprinted from Liu, 
S., Gu, L., Zhao, H., Chen, J. & Yu, H. Corrosion Resistance of Graphene-Reinforced 
Waterborne Epoxy Coatings. J. Mater. Sci. Technol. 32, 425–431 (2016) with permission from 
Elsevier. 
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Chapter 2-Thesis Objectives 
The objective of this thesis is to study CVD growth of graphene on palladium leaf metal catalyst 
using methane as a carbon precursor because metal leaf presents an exciting opportunity to 
expand the use of graphene composite into the realm of nano-gilding for surface enhancement. 
Metal leaves are very thin (100-400 nm) metal sheets produced by conventional hammer forging; 
leaves are commonly used to apply a metallic finish to wood or plastic surface, enhancing 
aesthetic for low cost. Nano-gilding merges the aesthetic with the functional to enhance the 
functionality of the gilded surface with the surface properties (hardness and conductivity) of the 
graphene layer grown on the leaf. The results were probed by Raman spectroscopic mapping, as 
well as nanoindentation for calculation of the film hardness and reduced modulus.  
Commonly, transition metal catalysts used in gas-precursor CVD growth of graphene take two 
forms-1) sputtered thin films or 2) uniform metal foil sheets. Both forms of catalyst are often 
highly controlled for orientation, grain size, metal purity, etc. A foil is a sheet of metal thin 
enough that it is significantly flexible, but not so thin that it can’t be easily handled by hand. 
Sputtered catalyst layers are often very thin (a few hundred nanometers), and are etched away 
after growth, whereas the graphene is often transferred off of foils (etching through foils takes a 
while, but it is also done).  
Freestanding (not sputter coated) metal sheets that are too thin to be easily handled are called 
leaves. Precious metal leaves have been produced for millennia for use as decorative coatings 
onto artwork and monuments. This technique is known as gilding, and dates back to very ancient 
times. Gilding with leaves allows artists to conformally coat a surface with a precious metal, thus 
enhancing its appearance without adding very much to its weight or cost. Since precious metals 
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are traditionally priced by weight, this technique makes for a very cost-effective enhancement of 
pieces.  
Leaves are manufactured using common metal-forming processes. Often, sheets are hammered 
in a power hammer until a specific increase in dimensions is reached, and then final passes are 
made based on weight measurements. These processes result in high work hardening, residual 
stresses, and defect density in the material, none of which are apparent to the naked eye and so 
are of little importance to their primary application as aesthetic coatings. However, these do 
present challenges to using the leaves as a catalyst for growth of graphene; a challenge that can 
be overcome through careful handling, cleaning, and annealing of the leaves.  
A variety of precious metals, which are also transition metals, are commercially available in leaf 
form-most common are gold and silver, but copper and palladium are also widely available. 
Copper has dominated the arena as one of the premier metal catalysts for gas-precursor CVD 
growth of graphene, however, palladium has gathered recent interest due to its high carbon 
solubility and hydrogen sensitivity[12, 25].  
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Chapter 3-Methods 
3.1-CVD Synthesis of Graphene 
Gas-precursor CVD growth of graphene was carried out in a custom-built CVD furnace designed 
by Matt Poss, of the Kinetic Materials research group at UIUC. A schematic of the furnace is 
shown in Figure 17, below. This furnace was designed for high-throughput semi-automated 
production of carbon nanomaterials (graphene, CNT) using LPCVD. 
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Figure 17-Schmeatic and image of Kinetic Materials Group CVD furnace 
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The main quartz tube of the furnace is 41.5 in. long, with a diameter of 2 3/8 in., allowing for 
synthesis of very large samples as needed or wanted. Gas flows are controlled using Aalborg® 
mass flow controllers (MFCs) and a custom LabVIEW™ program. The furnace is heated using a 
Carbolite® heater, having three heating zones and a maximum temperature of 1200 ˚C.  
The CVD growth process involves several steps, which can, in general, be categorized into three 
super-steps, summarized in Table 3, below. 
Table 3-Recipe used for most CVD growths of graphene (in this study). 
  
Palladium leaf was purchased from W&B Gold Leaf, LLC. The leaves measure 8.5 cm x 8.5 cm, 
and range in thickness from 100 to 400 nm. A package, or “book”, of 25 leaves costs $33-$35 
(price of precious metals fluctuates). This gives a price per leaf of $1.40, and a rough price per 
area of $0.12/in2. Sputter coating an equivalently sized layer (full 4 in. wafer) costs $20 per film 
($1.60/in2) [based on usage rates for UIUC MNMS cleanroom]. This makes the leaves 14 times 
cheaper than sputtering, and much more accessible, since they do not require special equipment 
Time [min] Temp [˚C]
H2 CH4
5 RT 400 50
5 RT 0 0
5 RT 400 50
5 RT 0 0
30 Ramp Up 400 0
10 Dwell 400 0
t Dwell 600 50
30 Ramp Down 600 0
Growth
Flow Rates [sccm]
Purge
Heat
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for processing (unless of course the leaves are made in-house). Pieces of leaf were transferred to 
thicker substrates for ease of handling. The transfer method was aqueous-leaf pieces were floated 
on [DI] water and scooped up with the substrate. These samples were then gently dried under 
flow of nitrogen gas. 
 
Figure 18-Schematic of the transfer process. Leaf pieces are transferred to SiO2 wafer pieces in 
DI water 
A variety of substrates, preparation, and growth parameters were used. Initial tests were done 
using single crystal silicon as the substrate, with vacuum purging sufficient to reach base 
pressure in the system with no gas flow (base pressure ~15 mTorr, usually 1 hour). There were 
many downsides to this method, although it is straightforward and shorter. Two main problems 
were identified-1) growth coverage and quality were poor due to sample contamination, and 2) 
silicon reacts at high temperature with palladium[44, 45]; the compound formed inhibited 
graphene uniform quality graphene growth. Informed by these issues, the substrate was switched 
to 300 nm SiO2 on single crystal Si. The oxide layer is not reactive with Pd, and so provided a 
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sufficient buffer to preserve the integrity of the film. Further, two extra vacuum steps were 
added. A system purge was introduced to bring the environment down to base pressure and hold 
for some time (1-2 hours). This was found to drastically increase cleanliness in the chamber and 
improve growth quality. Secondly, a gas line and MFC purge was added to clear any air from the 
gas delivery lines; since the lines feed into multiple furnaces, including some that operate at 
ambient pressure, it was found that significant backflow during non-operational periods would 
build up. Introduction of oxygen via ambient air into the system degraded the integrity of the Pd 
surface, leading to formation of oxides and poor quality of graphene growth. This additional 
purge step was also found to dramatically increase growth quality and consistency. The second 
purge was run until a base pressure < 30 mTorr was reached. The time for this purge varied 
based on a number of environmental factors including machine down time and use of the other 
furnaces (it is expected that relative humidity within the room also contributes to inconsistencies 
in vacuum time); the time required ranged between 30 minutes and an hour, on average.  
While the quality of growth increased after these changes were implemented, overall coverage 
and uniformity of the graphene was still much lower than expected. The processes used for 
forming the leaves is not a very clean process. In order to clean the surface of the leaves more for 
higher quality and uniform growth, the leaves were cleaned with nitric acid for ~30 seconds prior 
to growth. This cleaning greatly increased the uniformity of nucleation and growth across the 
samples. 
Raman spectra from the samples as grown were weak or nonexistent except for at the nucleation 
sites, which were clearly visible under optical microscope as dark spots. However, contrast under 
SEM suggested that something was present on the sample surface surrounding the nucleation 
sites (shown in Figure 19 and Figure 20, below).  
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Figure 19-SEM image of sample surface after graphene growth. Change in contrast suggests 
graphene coverage in areas other than just the darkest regions (nucleation islands) 
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Figure 20-SEM image of a nucleation zone and island on Pd. Peaking and wrinkling are 
characteristic of these nucleation sites.  
Palladium, like nickel, is strongly interacting with graphene[46], meaning that, under the right 
conditions, the graphene can grow in a “strained” configuration, such that the graphene lattice 
matches the positions of the atoms of the surface lattice of the metal. This lattice-matched 
graphene is difficult to detect using Raman, since the lattice is not characteristically graphene, 
but that of the underlying metal. Following the conclusions of Batzill[46] with studies of lattice-
matched graphene grown on nickel, the palladium was etched away and the graphene left on neat 
SiO2 for further analysis. Spectra collected after etching of the palladium were clear and present 
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over the entirety of the samples, leading to the conclusion that a lattice mismatching similar to 
that observed on certain nickel orientations is occurring with growth on palladium as well. 
Palladium etching was performed using Aqua Regia (3:2 HCl:HNO3), as depicted in Figure 21, 
below. Resulting SEM images of the graphene transferred to SiO2 are shown in Figure 22. 
 
Figure 21-Schematic of etching process. Various techniques were tried, including dipping the 
sample into the acid, as well as applying drops of the acid to the sample surface. For small 
samples the latter technique is preferred 
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Figure 22-SEM image of graphene transferred to SiO2 
Growth temperature was varied at a fixed time of 10 min, from 800 ˚C to 1000 ˚C. Major 
dewetting was observed at temperatures above 800 ˚C at long growth times (t > 30s). Solid state 
dewetting is a phenomenon observed in thin films where they break up into small “islands” or 
droplets when heated; often this will occur well below the bulk melting point (~1600 ˚C for Pd), 
and is driven by surface energy minimization[47]. Dewetting is desirable for some applications, 
such as in CVD growth of carbon nanotubes. A common method for CVD synthesis of CNTs 
utilizes dewetting of a thin iron film as the catalyst, which creates small spherical droplets of 
catalyst all over the substrate (commonly Si, SiO2, or Al2O3). This dewetting is a main operative 
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difference in the CVD growth of CNTs and graphene, both of which are hexagonal carbon 
lattices bonded by sp2 hybridized bonds. Deposition of nano-island catalyst particles will yield 
CNT growth, whereas continuous catalyst film will yield graphene growth. Thus, dewetting is 
not ideal when graphene is the desired outcome of the CVD process. While coverage and growth 
quality increase at higher temperature, as was expected from the literature[25], the survivability 
of the leaves was too low to be considered valuable.  
 
Figure 23-Dewetting observed at 900 ˚C; dewetting is seen in the characteristically round or 
organic shaped island of Pd forming from the bulk film 
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It was determined that survivability of the leaves was the more important factor, since graphene 
quality was still reasonably high at low temperature. Variations in growth time were studied at a 
constant growth temperature of 800 ˚C, from 30 seconds to 2 hours. Initial growths at 30 seconds 
and 1 minute showed clear nucleation sites over the surface of the sample. These were initially 
thought to be independent graphene islands. Growth rate should be slower at lower temperature, 
so it was thought that, by increasing the growth time, these islands would continue to grow until 
convergence and full coverage would be achieved. To this end, growth time was increased and 
studied at 2, 5, 10, and 20 minutes, as well as 1 and 2 hours. While these spots grew and 
converged in some areas at these times, full coverage was never achieved. From further testing 
and evaluation it was discovered that the assumptions made concerning these spots were 
erroneous, which explained why increasing growth time to such scales was of no benefit. It was 
at this point that lattice mismatching was considered as a possibility inhibiting the ability to 
detect growth outside of these spots, and growth times from under 30 seconds were studied (10, 
15, 20, 25 seconds).  
3.2-Raman Spectroscopic Mapping 
Raman spectroscopy of the samples was performed using a Horiba confocal Raman microscopy 
instrument, furnished by the Beckman Institute at UIUC. All characterization used a 532 nm 
(green) laser and 100x optical magnification lens. Acquisition times were varied between 0.05 
and 30 seconds.  
While 30 seconds may not seem like much time for acquisition, it adds up quickly when 
gathering large spatial maps of a sample. Laser spot size is on the order of a micron, so high 
spatial resolution mapping of large (100 μm x 100 μm) will take hours (step size 1-2 μm). Thus, 
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very low acquisition time is favored for mapping. While the signal is much noisier, the data is 
sufficiently useful provide the peaks are clear enough to be fit programmatically. 
In order to do very large area (order millimeter) spatial mapping for quantitative measurement of 
film quality (statistically), even 0.3 seconds is too long of a dwell time for the laser. Since high 
resolution maps are not needed at this scale, many “random” points may be sampled to gather 
statistics concerning stacking (and layer count if Bernal stacked) and graphene quality (defects).  
In order to get the best statistics in the least amount of time, a comparison of the spectra acquired 
at various acquisition times is useful. The shortest time able to produce reliably fitted results is 
the optimum acquisition time. Figure 24, below, shows comparison for spectra acquired from 
0.05 s to 1 s acquisition times. Noticeably, the longer acquisition times produce cleaner data, but 
even down to 0.05 s the data is easily fit where there is graphene present. 
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Figure 24-Raman fitting at various laser dwell times, from 0.05 to 1 second 
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3.3-Nanoindentation 
Nanoindentation was performed using a Hysitron TI-950 Triboindenter. A standard Berkovich 
tip was used. The tip available was well worn, with a radius of ~200 nm. Calibration for reduced 
modulus and hardness were performed at the start of each testing session, using standard 
aluminum and quartz samples for calculating the constants for the tip area function; typically 3 
or 4 terms were used in the tip area function calibration. Samples were mounted on aluminum 
SEM stubs using silver paint, allowed to cure in ambient conditions over night (~8 hrs). Samples 
were mounted in the condition in which they came from synthesis, i.e., supported on an Si wafer 
with 300 nm SiO2 layer on top. Quasi-static partial unloading functions were used for hardness 
testing, with triangular load shapes (that is, no dwell time at load). A typical load function is 
shown in Figure X, below. Peak loads used ranged from 150 to 1000 μN (although the 
instrument can go much higher), resulting in indentation depths on the order of 100 to 200 nm. 
Most tests were carried out with a peak load of 700 μN, to keep the indentation depth at or below 
150 nm.  
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Chapter 4-Results and Discussion 
4.1-Raman Spectroscopic Mapping 
Sample mapping with Raman spectroscopy can be employed to give an average spectrum for the 
graphene grown over various growth times. Averages were taken over 1600 data point maps 
spanning across 2 to 20 μm for each sample. The layer count can be given by the shift in the G 
peak location, from Equation 8, below[33]. 
𝜔ீ = 1581.6 +
11
1 + 𝑛ଵ.଺
 
8. 
 
Where 𝜔ீ is the G peak position, and 𝑛 is the layer count. Equation 9 can be rewritten to solve 
for 𝑛 given 𝜔ீ: 
𝑛 = ൬
11
𝜔ீ − 1581.6
− 1൰
ଵ/ଵ.଺
 
9. 
However, it was found that this equation breaks down for many of the shifts observed in the 
turbostratic samples produced (the equation yields irrational results for some shifts). This model 
is likely only applicable to Bernal stacked graphene. Few models exist for quantitative layer 
measurement from Raman spectra for turbostratic graphene.  
However, Hwang and colleagues have developed some truly insightful algorithms for 
determining layer count and stacking scheme in mixed graphene[48]. Most research focusses on 
Bernal graphene, and so questions surround the application of such models to identification of 
layer patterns in turbostratic graphene. Hwang’s algorithms, however, are more empirically 
derived and, as such, are directly applicable to all stacking schemes. Hwang’s algorithms have 
been shown to be robust and precise in the analysis of stacking type and layer count both for 
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Bernal and turbostratic graphene. These algorithms analyze the spectra based not on the intensity 
or shift of the peaks, as is common, but on the area ratios of the key peaks, namely G and G’, 
with respect to the background peak from the silicon substrate. Hwang’s algorithms are given as 
follows: 
Stacking =  
 1-Monolayer if: 0.03 < ቀ஺ಸ
஺ೄ೔
ቁ < 0.181 
 2-Bernal if: ቀ஺ಸ
஺ೄ೔
ቁ > 0.181 & ቀ
஺ಸᇲ
஺ಸ
ቁ < 2.40 
 3-Turbostratic if: ቀ஺ಸ
஺ೄ೔
ቁ > 0.181 & ቀ
஺ಸᇲ
஺ಸ
ቁ > 4.08 
 0-Uknown if: none of the above 
N = 
 1-Monolayer if: 0.03 < ቀ஺ಸ
஺ೄ೔
ቁ < 0.181 
 Round൭
ಲಸ
ಲೄ೔
 ା ଴.଴ଷ଻
଴.ଵସ଺
൱ if: ቀ஺ಸ
஺ೄ೔
ቁ > 0.181 & ቀ
஺ಸᇲ
஺ಸ
ቁ < 2.40 
 Round൭
ಲಸ
ಲೄ೔
ି଴.ଶ଻ଽ
଴.ଵ଴଴
൱ if: ቀ஺ಸ
஺ೄ೔
ቁ > 0.181 & ቀ
஺ಸᇲ
஺ಸ
ቁ > 4.08 
 0-Unknown if: none of the above 
Where 𝐴ீ , 𝐴ௌ௜, and 𝐴ீᇲ  are the areas under the Lorentzian curves of the G, Si, and G’ peaks, 
respectively. These algorithms are developed from fitting, with a limit out to N=6, as shown in 
Figure 25[48], below. 
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Figure 25-Fitting for number of layers as a linear function of Raman peak area ratios, presented 
by Hwang[48]. © IOP Publishing. Reproduced with permission. All rights reserved. 
Examples of the application of these algorithms to samples are given in Hwang’s paper, and 
shown below in Figure 26[48].  
50 
 
 
Figure 26-Algorithmic Raman mapping for layer count and stacking scheme, presented by 
Hwang[48]. © IOP Publishing. Reproduced with permission. All rights reserved. 
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These algorithms were implemented programmatically in step with a Matlab program designed 
to identify and fit the characteristic peaks using Lorentzian curves. Lorentzian peaks are typically 
used to fit the Raman peaks from graphene. A single Lorentzian peak takes the shape 
𝐿 =
𝐴
𝜋
൬
Γ
(𝑥 − 𝑥଴)ଶ + Γଶ
൰ 
10. 
Where 𝐴 is the peak amplitude, Γ the full width half max (FWHM), 𝑥 the independent variable 
being examined, and 𝑥଴ the shift of the peak center from 0.  
Technically speaking, the Lorentzian peak is defined such that the area under the curve is unity, 
however the area under a single curve in the multi curve fit used for analyzing Raman spectra 
ignores the long thin tail regions at the edges of an ideal Lorentzian. Thus, the peak areas (𝐴௅) 
can be found using the full width at half maximum (FWHM) and the amplitude, or intensity, of 
the peak, as given by Equation 11, below. 
𝐴௅ = 1.5291 𝐴 Γ 11. 
Fitting follows the form of a sum of four Lorentzian peaks, the general form of which is given by 
Equation 12, below.  
𝐼 = 𝐿(𝑆𝑖) + 𝐿(𝐷) + 𝐿(𝐺) + 𝐿(𝐺ᇱ) + 𝐿𝐵 
𝐼(𝜔) =
𝑃ଵ
𝜋
ቆ
𝑃ଷ
(𝜔 − 970 − 𝑃ଶ)ଶ + 𝑃ଷଶ
ቇ +
𝑃ସ
𝜋
ቆ
𝑃଺
(𝜔 − 1330 − 𝑃ହ)ଶ + 𝑃଺ଶ
ቇ
+
𝑃଻
𝜋
ቆ
𝑃ଽ
(𝜔 − 1581.6 − 𝑃 )ଶ + 𝑃ଽଶ
ቇ +
𝑃ଵ଴
𝜋
ቆ
𝑃ଵଶ
(𝜔 − 2650 − 𝑃ଵଵ)ଶ + 𝑃ଵଶଶ
ቇ
+ 𝑃ଵଷ𝜔 + 𝑃ଵସ 
12. 
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Where 𝑃ଵ, 𝑃ସ, 𝑃଻, and 𝑃ଵ଴ are the amplitudes of the Si, D, G, and G’ peaks, respectively, 𝑃ଶ, 𝑃ହ, 
𝑃 , and 𝑃ଵଵ are 𝜔ௌ௜, 𝜔஽, 𝜔ீ, and 𝜔ீᇲ, respectively, and 𝑃ଷ, 𝑃଺, 𝑃ଽ, and 𝑃ଵଶ are the FWHM of 
each of the peaks (Γௌ௜, Γ஽, Γீ , and Γீ ᇲ, respectively). 𝑃ଵଷ and 𝑃ଵସ correct for the linear 
background of the spectrum analyzed. Matlab’s lsqcurvefit function was used to find the set of 𝑃 
values that best match the data to the model. From the fitted 𝑃 array, all the relevant information 
about the peaks is available.  
The following set of maps (Figure 27-Figure 34) catalog the results of varying growth time from 
10 to 25s at a temperature of 800 ˚C. The maps were analyzed using Hwang’s algorithms, and 
the plots show the shift in the G and G’ peak location, as well as the number of layers (N) and 
stacking scheme, as given by the algorithms. For each sample, two maps were taken-one larger 
map (20 μm x 20 μm, 0.5 μm step size) and one smaller map (2 μm x 2 μm, 0.05 μm step size). 
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Figure 27- Raman mapping for graphene grown at 800 ˚C for 10 seconds; maps of shift in G and 
G’ peak shown, as well as number of layers (N) and stacking scheme (1-monolayer 2-Bernal 3-
turbostratic); scale bar 1 µm 
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Figure 28- Raman mapping for graphene grown at 800 ˚C for 10 seconds; maps of shift in G and 
G’ peak shown, as well as number of layers (N) and stacking scheme (1-monolayer 2-Bernal 3-
turbostratic); scale bar 10 µm 
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Figure 29- Raman mapping for graphene grown at 800 ˚C for 15 seconds; maps of shift in G and 
G’ peak shown, as well as number of layers (N) and stacking scheme (1-monolayer 2-Bernal 3-
turbostratic); scale bar 1 μm 
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Figure 30- Raman mapping for graphene grown at 800 ˚C for 15 seconds; maps of shift in G and 
G’ peak shown, as well as number of layers (N) and stacking scheme (1-monolayer 2-Bernal 3-
turbostratic); scale bar 10 μm 
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Figure 31- Raman mapping for graphene grown at 800 ˚C for 20 seconds; maps of shift in G and 
G’ peak shown, as well as number of layers (N) and stacking scheme (1-monolayer 2-Bernal 3-
turbostratic); scale bar 1 µm 
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Figure 32- Raman mapping for graphene grown at 800 ˚C for 20 seconds; maps of shift in G and 
G’ peak shown, as well as number of layers (N) and stacking scheme (1-monolayer 2-Bernal 3-
turbostratic); scale bar 10 μm 
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Figure 33- Raman mapping for graphene grown at 800 ˚C for 25 seconds; maps of shift in G and 
G’ peak shown, as well as number of layers (N) and stacking scheme (1-monolayer 2-Bernal 3-
turbostratic); scale bar 1 µm 
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Figure 34- Raman mapping for graphene grown at 800 ˚C for 25 seconds; maps of shift in G and 
G’ peak shown, as well as number of layers (N) and stacking scheme (1-monolayer 2-Bernal 3-
turbostratic); scale bar 10 µm 
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From these plots, it can be clearly seen that the regions that appear darkest under a microscope, 
presumed to be nucleation sites, are highly multilayer (N > 6) graphene, often surrounded by 
FLG (N=1-2) regions. These maps were taken from the best spot on the samples, and are 
promising of the potential use for palladium leaf as a catalyst for quality growth of graphene. 
While features can often be seen clearly in the G or G’ shift (or both), they do not often show up 
as clearly in the stacking or layer count maps produced by the algorithms. This is possibly due to 
a number of factors. Fitting is done computationally, and so there will be some data sets that do 
not fit as well as others, leading to bad estimates for the area ratios which the algorithms depend 
on. Estimates of the goodness of fit can be taken from the R2 values from the fitting. A 
representative histogram is shown in Figure 35 below. In general, the fitting is good. 
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Figure 35-Representative histogram estimating the goodness of the fit for the Raman spectra of a 
mapped sample; ideal R2 value is 1 
Another possible issue is the roughness of the samples being mapped. Graphene layers are very 
thin, and so proper focus during spectroscopic measurements is of the utmost importance. If the 
roughness of the samples is more than ~10 Å the sample will not be in proper focus at every 
point during mapping, which will skew the data and inhibit the ability of the algorithms to 
properly analyze the sample. In order to check the believability of the algorithm outputs, careful 
focusing on a few points were taken from the center of a graphene island outward. The result 
layer output is shown in Figure 36, below. 
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Figure 36-Number of layers from the center of an island (point 1) to the edge of the sample 
(wafer, point 6). The trend would be expected to be decreasing N further from the center; Raman 
spectra shown for comparison; scale bar 1 μm 
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The expected trend is decreasing N-higher layer count at the center of the island trending to 0 
layers at the edge off the island, where there is no graphene (just SiO2). In general, this trend is 
observed, making the algorithm outputs generally believable, although the accuracy of the 
quantitative outputs will be effected by the oxide thickness on the support wafer, which is 
different than those used by Hwang. Since the algorithms are based on empirical fitting and peak 
behavior, the peak changes from support oxide thickness changes will likely affect the algorithm 
outputs.  
Averages for the algorithmic layer count of the growths done at 800 ˚C were taken and plotted, 
along with standard deviations, shown in Figure 37, below. 
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Figure 37-Average and standard deviation of layer count vs growth time at 800 ˚C 
Success in mapping the graphene on these samples after etching called into question the 
assumptions made at the outset of experimentations concerning the nature of sample growth, 
which explains why the original trajectory of growth did not yield the desired results. Following 
this conclusion, some growths were redone at 1000 ˚C for 10s, and mapped. Looking at the 
results of Kar’s work on palladium wire[25], it was hoped that mapping would show the 
graphene layers without etching. The results of these tests are shown in Figure 38, below.  
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Figure 38-Raman mapping for graphene grown at 1000 ˚C for 10 seconds; maps of shift in G 
and G’ peak shown; scale bar 10 µm 
It is not informative to show stacking and layer count calculations for this map, since the 
background is palladium, and so the area comparison to the silicon peak are not available (since 
there is no silicon peak).  
An average of all the points yields the following spectrum: 
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Figure 39-Average Raman spectra for graphene grown at 1000 ˚C for 10 seconds 
Notably, the D peak is very low, suggesting that the graphene grown in this sample is of much 
higher quality than those grown at lower temperature, which is as expected. Mapping was redone 
after transfer to SiO2, the results of which are shown in Figure 40, below.  
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Figure 40- Raman mapping for graphene grown at 1000 ˚C for 10 seconds; maps of shift in G 
and G’ peak shown; scale bar 10 µm 
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4.2-Nanoindentation 
As was previously mentioned, very sharp tips are needed for accurate analysis of hardness for 
thin films. The available tip being not very sharp greatly limited the ability of the testing to 
determine the hardness of the samples. The typical raw results are shown in Figure 41, below. 
 
Figure 41-Typical raw load versus depth of indentation data for nanoindentation on the leaf and 
leaf grown samples. Typical behavior has 4 regions-1) wrinkle collapse 2)elastic/composite 
loading 3)-plasticity/composite failure 4)-plastic loading of the palladium 
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There are four regions in the data that typically are present. Region I is a low slope region that is 
attributed to compression of wrinkles or bubbles in the leaf. The aqueous transfer process leads 
to the formation of wrinkles across the sample surface, and sometimes pockets of air are trapped 
between the leaf and substrate as bubbles. The length scale of these features varies. Large 
wrinkles are easy to see under optical microscope, and thus avoid during indentation. However, 
often it is difficult to judge the conformality of the sample to the substrate by optical microscopy, 
and indents are made on these features. These features collapse under low load with a shallow 
slope (low stiffness). Depending on the height of the feature, the depth range of Region I may be 
very long (100 nm or more). Clearly, such an offset will throw off the calculations for modulus 
and hardness; therefore, each data set is manually zeroed to the point where the slope increases 
notably, taken as the point where the wrinkle is fully collapsed. Region II is the elastic portion of 
the curve, where the graphene and metal are working in concert to resist the load. Region III is 
the onset of insipient plasticity, which in such composite samples must of necessity be a 
convolution of the composite constituents. Insipient plasticity is stochastic in nature, and 
therefore it is difficult to deconvolve the contribution of the yielding in the graphene. Region III 
is characteristically flat because the indentation process is load-controlled. Region IV is the 
plastic deformation of the material. 
Indentation tests were conducted on virgin Pd leaf, annealed Pd leaf (leaf that went through all of 
the stages of growth, but with no methane and so no graphene growth), samples with graphene 
grown on them, and samples that had graphene grown and plasma cleaned off (to show the 
effects of carburization on the mechanical properties of the leaf to distinguish the contribution of 
the graphene from that of the carburization). Results from samples on which graphene was 
grown are shown for a 30s growth sample in Figure 42-Figure 45.  
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Figure 42-Hardness and reduced modulus versus depth of indentation for virgin (as-received) 
palladium leaf 
 
Figure 43-Hardness and reduced modulus versus depth of indentation for a sample annealed at 
800 ˚C. Hardness is very similar to that of annealed leaf 
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Figure 44-Hardness and reduced modulus versus depth of indentation for a sample grown at 800 
˚C for 30 seconds. 
 
Figure 45-Hardness and reduced modulus versus depth of indentation for a sample grown at 800 
˚C for 30 seconds, then plasma etched at 100 W for 2 min to clean the graphene off the surface. 
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One notable difference between the hardness results with graphene and without (Figure 44 vs 
Figure 42, Figure 43, and Figure 45) is that the sample with graphene (Figure 44) shows higher 
hardness at shallow indentation. While this may be indicative of the hardness of the composite 
being greater than that of virgin palladium, and resolvable, the data in this region is somewhat 
stochastic and not consistent on the sample. Further, the values in this region only trend upward 
and never converge. Ideally, the results would have two converged regions-one at a higher 
hardness before the tip punches through the graphene, and another lower at the hardness of the 
leaf. Resolving this behavior, however, is dependent on accurate, repeatable measurements at 
shallow indentation, for which a much sharper tip is needed. The results, are, however, 
promising and continued testing will hopefully resolve this behavior more confidently.   
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Chapter 5-Conclusion and Future Work 
Metal leaf presents untapped potential for applications in graphene-based composite coatings. 
While leaves are different than many of the traditional metal forms used (sputter coat film or 
wire), results from testing of CVD growth of graphene on palladium leaf are promising. Raman 
sepctra and SEM contrast imaging suggest that full coverage of growth can be achieved with 
growth times as low as 10 seconds, potentially lower (no growths under 10 seconds were tested). 
Suggested further work includes continued synthesis at 1000 ˚C at times of 30 seconds and lower 
(even under 10 seconds as the control limits on the furnace allow), as well as continued 
nanoindentation testing after the acquisition of a sharper tip (radius less than 60 nm); harness 
mapping with hard-tipped AFM is also an option for further testing of the hardness. TEM cross-
sectioning to see the layer count can also be used to validate the layer count algorithms from the 
Raman mapping; this is also suggested for future work. Further, enhancement of the Raman 
mapping and fitting to low errors (high average R2) and an understanding of the surface 
roughness and oxide thickness, and their effect on the mapping acquisition, will improve 
application of algorithms to determine an accurate layer count and stacking scheme. Enhanced 
results from sharper-tip nanoindentation will also be used to generate techniques for 
nanoindentation based layer-count mapping of the samples, as hardness and reduced modulus 
will continue to change with increasing layer count.  
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Appendix A-Matlab code for Raman Processing 
function Map_Import 
    clear 
    clc 
    close all 
    [f, pathname]=uigetfile('*.txt*','multiselect','on'); 
for fls=1:1:length(f) 
    filename=char(f(fls)); 
    %outpath=uigetdir; 
    outpath=pathname; 
    fnm=fullfile(pathname, filename); 
    [x,y]=importxy(fnm); 
    shift=importshift(fnm); 
    intens=importintens(fnm); 
    intens(intens > 800) = 0; 
    L=size(intens,1); 
    P=zeros(L,14); 
    Y=zeros(L,size(intens,2)); 
    pks=zeros(L,4); 
    locs=zeros(L,4); 
    w=zeros(L,4); 
    A=zeros(L,4); 
    N=zeros(L,1); 
    S=zeros(L,1); 
    AgAsi=zeros(L,1); 
    Ag1Ag=zeros(L,1); 
    err=zeros(L,1); 
    datfile=fullfile(outpath,[filename(1:end-4) '_dat.txt']); 
parfor i=1:1:L 
    
[P(i,:),Y(i,:),pks(i,:),locs(i,:),w(i,:),A(i,:),N(i),S(i),AgAsi(i),Ag1Ag(i),err(i)]=Lorentz(shift,intens
(i,:)); 
    clc;pdone=floor(100*i/L);fprintf('%d of %d %d%% Done\n',fls,length(f),pdone); 
end 
    datmat=[x y pks locs w A N S AgAsi Ag1Ag err]; 
    save(datfile,'datmat','-ascii'); 
    xi=linspace(min(x),max(x),sqrt(L)); 
    yi=linspace(min(y),max(y),sqrt(L)); 
    [XI YI]=meshgrid(xi,yi); 
    ZGI = griddata(x,y,pks(:,3),XI,YI);ZGI(ZGI > 800) = 0; 
    ZGS = griddata(x,y,locs(:,3),XI,YI); 
    Z2DI = griddata(x,y,pks(:,4),XI,YI);Z2DI(Z2DI > 800) = 0; 
    Z2DS = griddata(x,y,locs(:,4),XI,YI); 
    ZN = griddata(x,y,N,XI,YI); 
    ZS = griddata(x,y,S,XI,YI); 
    plotim(XI,YI,ZGI,'G Intens','G Intens',filename,outpath,'auto',[]); 
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    plotim(XI,YI,ZGS,'G Shift','G Shift',filename,outpath,'auto',[]); 
    plotim(XI,YI,Z2DI,'G^{\prime} Intens','GP Intens',filename,outpath,'auto',[]); 
    plotim(XI,YI,Z2DS,'G^{\prime} Shift','GP Shift',filename,outpath,'auto',[]); 
    plotim(XI,YI,ZN,'N','N',filename,outpath,'manual',[0 1 2 3 4 5 6],[1 1 1;0 0 1;0 1 0;0 1 1;1 0 
1;1 0 0;1 1 0]); 
    plotim(XI,YI,ZS,'Stacking','S',filename,outpath,'manual',[0 1 2 3],[1 1 1;0 0 1;0 1 0;0 1 1]); 
    histfit(err,100);xlim([0 1]);set(gca,'FontSize',19);xlabel('R^2') 
    savefig([filename(1:end-4) '_Err']);movefile([filename(1:end-4) 
'_Err.fig'],fullfile(outpath,[filename(1:end-4) '_Err.fig'])); 
    export_fig([filename(1:end-4) '_Err.png']);movefile([filename(1:end-4) 
'_Err.png'],fullfile(outpath,[filename(1:end-4) '_Err.png'])); 
end 
end 
  
function plotim(XI,YI,Z,G,tG,filename,outpath,lmode,llist,cmp) 
    [cs,hc]=contourf(XI,YI,Z); 
    set(hc,'EdgeColor','none'); 
    hcb=colorbar; 
    set(hc,'levellistmode',lmode); 
    if strcmp(lmode,'manual')   
        set(hc,'levellist',llist); 
        colormap parula 
        set(hcb,'Ytick',[0 1 2 3 4 5 6]) 
    else 
        colormap parula 
        set(hcb,'TicksMode','auto'); 
    end 
    set(gca,'FontSize',19) 
    set(gcf,'position',[100 100 600 600]); 
    pbaspect([1 1 1]); 
    set(gca, 'Visible', 'off') 
    title([filename(1:end-4) ' ' G]); 
    set(findall(gca, 'type', 'text'), 'visible', 'on'); 
    imout=[filename(1:end-4) ' ' tG '.png']; 
    figout=[filename(1:end-4) ' ' tG]; 
    export_fig(imout); 
    savefig(gcf,figout); 
    movefile(imout,fullfile(outpath,imout)) 
    movefile([figout '.fig'],fullfile(outpath,[figout '.fig'])) 
    close all 
end 
  
function [P,Y,pks,locs,w,A,N,S,AgAsi,Ag1Ag,err]=Lorentz(x,y) 
    p4=(y(end)-y(1))/(x(end)-x(1)); 
    c=min(y(:)); 
    p1=max(y).*[0.1 0.5 1 1]; 
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    p3=[40 40 20 50]; 
    p2=[0 0 0 0]; 
    p0=[p1(1) p2(1) p3(1) p1(2) p2(2) p3(2) p1(3) p2(3) p3(3) p1(4) p2(4) p3(4) p4 c]; 
    opts=optimset('Display','off','UseParallel', true); 
    [P,resnorm]=lsqcurvefit(@multi_lorentz,p0,x,y,[0 -200 20 0 -200 0 0 -200 10 0 -200 20 0 
0],[inf 200 inf inf 200 inf inf 200 inf inf 200 inf inf inf],opts); 
    err=1 - resnorm / norm(y-mean(y))^2; 
    Y=multi_lorentz(P,x);%-P(14)-P(13).*x; 
    pks=[P(1) P(4) P(7) P(10)]; 
    locs=[970+P(2) 1330+P(5) 1581.6+P(8) 2650+P(11)]; 
    w=[P(3) P(6) P(9) P(12)]; 
    %plot(x,y,'k.',x,Y,'r');drawnow 
    A=w.*pks.*1.5291; 
    AgAsi=A(3)./A(1); 
    Ag1Ag=A(4)./A(3); 
    if (AgAsi >= 0.03) && (AgAsi <= 0.181) 
       N=1; 
       S=1; 
   elseif (AgAsi > 0.181) && (Ag1Ag < 2.4) 
       N=round((AgAsi+0.037)/0.146); 
       S=2; 
   elseif (AgAsi > 0.181) && (Ag1Ag > 4.08) 
       N=round((AgAsi-0.279)/0.100); 
       S=3; 
   else 
       N=0; 
       S=0; 
   end 
   if (N > 6); 
       N=6; 
   end 
   if (N < 0) || (Ag1Ag > 10) 
       N=0; 
       S=0; 
   end 
end 
  
function F=multi_lorentz(p,x) 
    F = (p(1)/pi)*(p(3)./((x-970-p(2)).^2+p(3)^2)) + (p(4)/pi)*(p(6)./((x-1330-p(5)).^2+p(6)^2)) + 
(p(7)/pi)*(p(9)./((x-1581.6-p(8)).^2+p(9)^2)) + (p(10)/pi)*(p(12)./((x-2650-p(11)).^2+p(12)^2)) 
+ (p(13).*x) + p(14); 
end 
  
function [x,y] = importxy(filename, startRow, endRow) 
delimiter = '\t'; 
if nargin<=2 
84 
 
    startRow = 2; 
    endRow = inf; 
end 
formatSpec = 
'%f%f%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
85 
 
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%
*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s
%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%*s%[^\n\r]'; 
fileID = fopen(filename,'r'); 
dataArray = textscan(fileID, formatSpec, endRow(1)-startRow(1)+1, 'Delimiter', delimiter, 
'EmptyValue' ,NaN,'HeaderLines', startRow(1)-1, 'ReturnOnError', false); 
for block=2:length(startRow) 
    frewind(fileID); 
    dataArrayBlock = textscan(fileID, formatSpec, endRow(block)-startRow(block)+1, 
'Delimiter', delimiter, 'EmptyValue' ,NaN,'HeaderLines', startRow(block)-1, 'ReturnOnError', 
false); 
    for col=1:length(dataArray) 
        dataArray{col} = [dataArray{col};dataArrayBlock{col}]; 
    end 
end 
fclose(fileID); 
x = dataArray{:, 1}; 
y = dataArray{:, 2}; 
end 
function shift = importshift(filename, startRow, endRow) 
delimiter = '\t'; 
if nargin<=2 
    startRow = 1; 
    endRow = 1; 
end 
formatSpec = 
'%*s%*s%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
86 
 
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%[^\n\r]'; 
fileID = fopen(filename,'r'); 
dataArray = textscan(fileID, formatSpec, endRow(1)-startRow(1)+1, 'Delimiter', delimiter, 
'EmptyValue' ,NaN,'HeaderLines', startRow(1)-1, 'ReturnOnError', false); 
for block=2:length(startRow) 
    frewind(fileID); 
    dataArrayBlock = textscan(fileID, formatSpec, endRow(block)-startRow(block)+1, 
'Delimiter', delimiter, 'EmptyValue' ,NaN,'HeaderLines', startRow(block)-1, 'ReturnOnError', 
false); 
    for col=1:length(dataArray) 
        dataArray{col} = [dataArray{col};dataArrayBlock{col}]; 
    end 
end 
fclose(fileID); 
shift = [dataArray{1:end-1}]; 
end 
function intens = importintens(filename, startRow, endRow) 
delimiter = '\t'; 
if nargin<=2 
    startRow = 2; 
    endRow = inf; 
end 
formatSpec = 
'%*s%*s%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
87 
 
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f%f
%f%f%f%f%[^\n\r]'; 
fileID = fopen(filename,'r'); 
dataArray = textscan(fileID, formatSpec, endRow(1)-startRow(1)+1, 'Delimiter', delimiter, 
'EmptyValue' ,NaN,'HeaderLines', startRow(1)-1, 'ReturnOnError', false); 
for block=2:length(startRow) 
    frewind(fileID); 
    dataArrayBlock = textscan(fileID, formatSpec, endRow(block)-startRow(block)+1, 
'Delimiter', delimiter, 'EmptyValue' ,NaN,'HeaderLines', startRow(block)-1, 'ReturnOnError', 
false); 
    for col=1:length(dataArray) 
        dataArray{col} = [dataArray{col};dataArrayBlock{col}]; 
    end 
end 
fclose(fileID); 
intens = [dataArray{1:end-1}]; 
end 
  
 
